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By using Dazzler system and tilting compressor grating, we provide an effective way of using the laser 
group delay dispersion (GDD) to continuously steer the high energy electron beam which is accelerated 
by asymmetric laser-wakefield. The deviation angle of electrons is as the same as the angular chirped 
laser pulse from its initial optical axis, which is determined by the laser pulse-front-tilt (PFT). This unique 
method can be continuously used to control over the pointing direction of electron-pulses to the requisite 
trajectories, especially for the alignment sensitive devices such as electron-positron collider or undulator. 
Besides, the effect of PFT on the qualities of electron beam has been investigated.  
 
1. Introduction 
Laser wakefield acceleration (LWFA) has been developed many years [1] and has made great progress 
based on chirped-pulse-amplification technology [2]. The ultrashort laser pulse with ultrahigh peak 
power can drive nonlinear plasma waves [3] of which the longitudinal electric fields can be very strong 
to accelerate electrons to several GeV [4,5]. The peak current of electron beams has been generated to 
tens of kA [6,7]. The qualities of produced electrons, including pointing stability, reproducibility and 
tunability, are significant for practical applications. For instance, the pointing direction of electron beams 
is vital for the users of electron-positron colliders or undulators [8-10]. The all-optical way by rotating 
the compressor grating to control over the pointing direction of LWFA electron-pulses was first 
experimentally detected by Popp et al. [11]. However, it is impractical for users to realign the laser beam 
path once the compressor grating is tilted. The electrons cannot be steered continuously. Another 
experimental scheme proposed by Nakanii et al. [12] to control the electrons with a static tilted magnetic 
field is designed ingeniously. However, the electron energy is limited to only about 10 MeV because of 
the density threshold. At low plasma density, the refraction effect stops working. It is noteworthy that 
the low plasma density is necessary for generating high-energy electrons in laser wakefield [13]. So, 
continuously guiding energetic electron beam with low energy spread to undulator without changing 
optical alignment is still a big problem. On the other hand, the angular misalignments in the double pass 
compressor used to temporally compress the pulses [2] are unavoidable, which can result in spatio-
temporal distortions of the laser pulse and ascribe to deflect the accelerated electron beam. However, 
these induced distortions will deteriorate temporal resolution and reduce laser intensity etc [14], leading 
to the sacrifice of qualities of LWFA-electrons.  
The grating misalignment will cause an unwanted angular chirp (AC) in the pulse near field [11]. If 
we consider a small deviation δ between the two gratings parallel to its grooves, the AC can be calculated 
as β=dθ/dλ=2δ(tanε)/(scosα) [15]. Here α, ε and s are the angle of incidence, diffraction angle of single 
grating and the groove spacing respectively. In general, the PFT [16] p is consisted of two terms: 
p=pAC+pSC+GDD, where the first term pAC =-2πβ/ω is introduced by the angular chirp, while the second 
term pSC+GDD=φ(2)υ is induced by the spatial chirp ζ=dx0/dω which is characterized by the frequency 
gradient υ, and laser GDD φ(2) [14]. In LWFA, the laser pulse with PFT will excite asymmetric wakefield 
which will force the pulse to deviate from its initial axis and alter the way the electrons are injected and 
accelerated [11,17,18]. In the community, it is well known that the influence of GDD on the electron 
accelerating process has been studied and many groups use the algorithms to manage electron beam 
optimization [19,20]. However, the controlling over the pointing direction of high energy electron beams 
by GDD has not been reported yet.  
In this letter, we study the effect of GDD on the pointing-directions and qualities of high energy 
electron beam accelerated by angularly chirped laser excited wakefield. The deviations are completely 
determined by the laser PFT. In the ionization injection regime, the asymmetric wake deflects the 
electrons from the initial optical axis. And also, even the introduced spatio-temporal distortions will 
erode the laser intensity which would negatively affect electron acceleration. While, with suitable GDD, 
the pulse duration can be corrected and the electrons can be optimized for different amounts of β. 
2. Experimental setup 
The Pulsar CPA laser system delivers 25 fs, 800-nm laser pulse with energy of ~400 mJ on pure-nitrogen 
gas target to produce the stable electrons. The p-polarized pulse focused by an F/12.5 gold coated off-
axis parabola mirror had a spot size of w0=9.5μm. The experimental setup is shown in Fig. 1, as 
characterized in Ref [21]. Without AC, the pointing stability (RMS) of continuous 30 shots of electron 
beams was ~0.5mrad, and the background electron density of every shot was ~8.0×1018cm-3 while 
electron injection occurred. If the AC exists, the overall beam width will increase from w0 due to spatial 
chirp ζ(z)= ζ0-λβz/ω, which is seen in Fig. 1(b). Besides, the changed temporal chirp can reduce the 
spectral bandwidth locally and lengthen the pulse duration due to GDD φ
(2) 
0 (z)= φ
(2) 
0 -2πλβ2z/ω2 [14]. Here, 
z is the position of ultrashort-pulse in the propagation direction.  
In the Pulsar, the Dazzler (or acousto-optic programmable dispersive filter) [22] is used to manipulate 
the spectral phase, φ(ω), of a laser pulse. One of the spectral phase term,  2 20 /    , the GDD, is 
utilized to describe the linear chirp [20,23]. The spectral phase includes many high-order dispersions. 
Here, we investigate the effect of GDD with angularly chirped laser pulses on LWFA-electrons. 
 
FIG. 1. Experimental setup. The insert (a) and (b) shows the laser focal spot without AC and with AC of 
β=37.0 μrad/nm respectively. 
3. Results and discussions 
When one of the two compressor gratings is rotated around the axis parallel to the groove, the angularly 
chirped or pulse-front tilted laser beam will be introduced. As a result, the light path might be altered. 
Thus, it needs to be realigned by turning the last mirror in the compressor.  
The different spectral phase shift  , x   in transverse dimension x is created by AC and leads to 
the position-dependent laser components of linear phase chirp  ,x d    with the perpendicular 
group delay  ,x d   , where λ0 is the laser central wavelength, ω0=2πc/λ0 and c the light speed in 
vacuum. Consequently, the laser intensity front is tilted with respect to the laser phase fronts by the angle 
ψ=λ0β [15], which is seen in Fig. 2(a). The Thomson scattered images from top-view clearly demonstrate 
that the angularly chirped laser pulse is deflected from its initial optical axis in plasma, shown in Fig. 
2(b), (c) and (d). And the tilted angles ψ are -4.74, 0.59, and 2.37 mrad, respectively. Obviously, the laser 
is deflected upwards (downwards) while β is negative (positive). And the deviation angle γ1 and γ2 are -
16.40 mrad and 14.65 mrad respectively, as shown in Fig. 2(b) and (d). Here the minus represents 
upwards. The electron beam relative to Fig. 2(b) and (d) leaves the initial laser propagation direction 
under angles of -15.58 mrad and 13.08 mrad respectively, which are determined by the directions of 
asymmetric wakefield, as shown in Fig. 3(a.I) and (a.III). While, for small β, the deflection of laser beam 
is inconspicuous, as also to the electron beams, seen in Fig. 2(c) and Fig. 3(a.II). 
            
FIG. 2. (a) The laser intensity front tilted with respect to the laser phase fronts. The lower right insert shows 
the relationship between p and β, φ(2) 0 . Thomson scattered images from top-view for different β: (b) -5.92, (c) 
0.74 and (d) 2.96 [μrad/nm]. The dashed white line represents the initial laser axis. γ1 and γ2 stands for the 
deviation angles of laser from its initial direction.  
 
When the ultrashort laser pulse propagate in the compressor with angular dispersion, the PFT p can 
be characterized by [14]  
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where τ0 is the pulse duration. From Eq. (1), it is easy to find the relationship between p and φ
(2) 
0  for 
different β, as depicted in the insert of Fig. 2(a). If the PFT is introduced, it will lead to the transverse 
plasma density gradient and variation of the refractive index perpendicular to the initial optical axis. Thus 
the intensity-front-tilted laser pulse will be pushed transversely and leads to the deflection of wakefield’s 
from its propagation direction. The longitudinal density gradient has no significant change. The 
longitudinal electric field will accelerate the off-axis-injected electrons, while the transverse electric field 
will drive the electrons towards the bubble center axis [11]. Although the presence of PFTs in the laser 
pulse erodes the pulse intensity, it facilitates off-axis electron injection into the plasma wakefield. In a 
word, the deviation angle of accelerated electron is completely determined by the laser PFT. 
 
   
FIG. 3. Angular deviation of electrons changed with GDD φ(2) 0  for different AC β: (a) Deviations of electron 
bunches captured on CCD. The white dashed line is the initial optical axis and the green dashed line is the 
center-to-center connector of electron beams. (b) Horizontal vs. vertical deviation. (c) Horizontal deviation 
vs. φ(2) 0 . The insert shows the linear fitting of β and slope a. 
The pointing deviations of electron beams were very sensitive to GDD φ
(2) 
0  for different AC β, as 
shown in Fig. 3. The deviation direction is in the plane of laser polarization, and no obvious deflection 
was observed in the direction perpendicular to the laser polarization. There is an apparent difference of 
angular deviation of electron beams for different β. For a certain β, the electrons cannot be generated if 
φ
(2) 
0  goes beyond the particular range. The highest angular deviation of electrons is more than 20 mrad 
when β = -5.92 μrad/nm. Figure 3(c) further illustrates the linear relationship between the net deviation 
of electrons from its center position and φ
(2) 
0  under certain β, which is in accordance with Eq. (1). We 
use the linear fitting relationship X[mrad]=a·φ
(2) 
0 [fs
2]+b to show the linear dependence of electron beam 
deviations on φ
(2) 
0 . For β = -5.92, 0.74 and 2.96 μrad/nm, the slopes (a) are 1.64×10-2, -5.61×10-3 and -
1.48×10-2 respectively. While β = 0.00 μrad/nm, then the PFT p=0 and the deviations of the accelerated 
electrons almostly are within 1 mrad and the slope a is negligible. The insert in Fig. 3(c) depicts the linear 
relationship between β and the slope a. Actually the physical quantity a represents AC, which will induce 
an unwanted PFT to the pulse. The laser intensity profile that is tilted with respect to its phase front 
causes the transverse plasma density gradient. And the transverse electric field pushes the asymmetric 
wakefield as well as the injected electrons towards different direction. However, the pointing stability of 
electron bunches has not been affected. Therefore, the pointing-directions of electron-pulses are able to 
be predictable and guided by controlling AC and GDD.  
When p=0, the stable electron beams have been obtained and the typical energy distribution recorded 
on the imaging plate (IP) is shown in Fig. 4(a). The average electron charge is ∼25 pC with energy above 
40 MeV and the electron spectrum after spectrometer also stays relatively stable which can be accelerated 
to ∼180 MeV. The high energy electrons are critical to generate the gamma-ray pulses for ultrafast 
nuclear dynamics research [24]. Thus, our method is unique and indispensable for steering the high-
energy wakefield-accelerated electron beams. 
The PFT also plays an important role on the qualities of accelerated electron, including the charge, 
peak intensity, horizontal and vertical divergence of electron bunches for different β, as depicted in Fig. 
4(b-e). The electron beams are monitored by a phosphor screen which is coupled with a 16-bit charged-
coupled device (CCD) camera. For β =-5.92, 0.74 and 2.96 μrad/nm, the optimum φ
(2) 
0  of electron beams 
are -1100, 50 and 500 fs2 respectively. It indicates that the optimal φ
(2) 
0  for each rotation angle of grating 
is very different. Furthermore, it is easy to find that for the optimum φ
(2) 
0 , the qualities of electron bunches 
including the electron energy, are very similar. The small misalignment of grating induces a slight 
temporal stretching -2πλβ2z/ω2 and the pulse duration will increase from τ0. Meanwhile, the laser spot 
size in the transverse direction will also increase and result in the laser intensity decreasing [15]. It is a 
trade-off between lower intensity and longer pulse beam. This could be corrected using a Dazzler system 
to modify GDD.  
       
FIG. 4. (a) Typical electron spectrum recorded on the imaging plate (IP). The insert is the electron signal on 
IP after the magnet of 0.9T. Effect of on the qualities of electron beams for different β: (b) charge, (c) peak 
intensity, (d) horizontal and (e) vertical divergence. Here the peak intensity represents charge density. Three 
dashed lines represent the optimum electron bunch when the pulse duration is corrected with Dazzler system.  
This unique method can be utilized to continuously guide the electron-beam pointing-direction to the 
requisite trajectories, which is very useful and important for practical use. For example, either the all-
optical inverse Compton scattering [25,26] or the laser-driven electron-positron collider [8] points out 
very high requirements on the overlapping between electron beam and colliding beam in space and time. 
The micrometer-scale deviation will drastically reduce the effectiveness of the physical interaction. This 
technique offers attractive prospects for driving a bunch of electrons to the colliding point precisely. 
More importantly, the magnitude of electron beam’s deviation is one order larger than the angular 
misalignment of gratings. Only if the compressor gratings are strictly parallel to each other, the electron 
beams will not be deflected from its centers once the PFT is changed. The high degree of sensitivity 
between electron beam’s pointing-direction and PFT provides a precise tool to adjust the parallelism 
between the compressor gratings of chirped-pulse-amplification system.  
4. Conclusions 
In summary, we present an effective method to precisely steer the high-energy LWFA electron beams 
with laser GDD. The effect of PFT caused by angular dispersion and temporal change of femtosecond 
pulses in misaligned stretcher-compressors on the LWFA-electron pointing directions and qualities have 
been systematically investigated. By using Dazzler system under tilting compressor grating, the electron-
pointing-directions can be manipulated. This method is vital to guide the electrons to the requisite 
trajectories for practical applications. The Dazzler is used to control the specific spectral phase of laser 
pulses and wouldn’t change the initial light path. It is very convenient for practical experiments. It is also 
the basic principle to judge and adjust the parallelism of the grating compressor in vacuum. This provides 
a new way to precisely diagnose the spatio-temporal distorted pulses with PFT. 
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